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EVAPORATIONOFJT-5FUELSPFWS INAIRsrREAMs

ByHamptonH.FosterandRobertD. Ingebo

lsuMMARY

A centinuoussampling-probetechniquewasusedto determinethe
percentageofTl?-5fuelsprayevaporatedunderconditionscommoninram-
jetengines.Fuelwasin~ectedcontrastreamfroma multiple-orifice
injector,andsamplingdatawereobtainedatdistancesof7 to 18 inches
downstreamoftheinjector.Inorderto determinetheireffectonthe
evaporationofJT-5fuelsprays,inlet-airconditionswerevariedover
thefollowingranges:airvelocities,138to 370feet~ersecond;air
staticpressures,15to 35 inchesofmercuryabsoltie;andah tempera-
tures,803to 70@F.

Resultsfromthisinvestigationgavethefo~owingexpressionfor
fuelevaporation:

(.$ 2
N= 7.4L0”33ATO”28‘a+uf100-r-u

where N isthepercentageofJP-5fuelsprayevaporated,‘L isthe
distancedownstreamfromtheinjector,AT istheheat-transferdriving
force(thedifferencebetweentheairtemperatureandthesurfaceor
wet-buMtemperatureofthedrops),Ua istheairvelocity,and Uf
istheinjectionvelocityofthefuel.Theuseof M’ inthisexpres-
sionreflectsthecombined

Low-volatilityfuels,

—
effectofair-stresmtemperatureand~ressure.

INTRODUCTION

suchasJP-5,aredesirableforuseinhigh-
altitudeaircraftjetenginesfromthestandpointoflowfuel-tanklosses.
Also,theypresentlessfirehazsrd,undersomeconditions,thancurrently
usedJP-4fuel.However,theverylowevaporationrateof suchfuelsmay
yieldpoorperformance.‘l?herefon,knowledgeofthefactorsthataffect
theevaporationrateofJT-5fuelisusefulto theconibustordesigner.

.- . ——.—.— —..-—,. —— —--—-- -——-————– ———-
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2 NACARME55K02

An experimentalstudyoftheeffectofcombustor-inletconditions
ontheevaporationof isooctanespraysinhigh-velocityairstreamsis
reportedinreference1. Sincethistypeof dataisnotavailablefor
verylow-volatilityfuels,suchasW-5, thefollowingexperimentalin-
vestigationwasmadeusinga continuoussampling-probetechniquesimilar
tothatdescribedinreference1. The~-5 fuelwasinjectedcontra-
stresmfroma multiple-orificein~ector,andspraysampleswereobtained
atdistancesof7 to 18 inchesdownstreamofthein~ector.Inlet-air
conditionswerevariedoverthefo3hwingranges:airvelocity,138to 2
370feetpersecond;airstaticpressure,15to 35 inchesofmercury o
absoltie;andairtemperatures,800to 7000F.

h-
Inthisinvestigation

conductedattheNACALewislaboratory,thepercentageofilT-5fuelspray
evqoratedwasfoundtobe a functionoftheheat-transferdrivingforce
L@,thedownstreamdistanceL,theairvelocityUa,andthefuelin~ec-
tionvelocityUf.

APPARATUSANDl?R(x2EmRE

Installation

A schematicdiagramofthetestinstallationispresentedinfigure
1. Airata pressureof40poundspersquareinchgagewasdrawnfrom
thelaboratory&-supply system.Theairwaspreheatedbyburningsome
MIL-F-5624C,gradeJT-4,fuelina turbojet-engineconibustorconnected
intheair-supplyline.

Testsection.- Thepreheatedairpassedthrougha 12-footlength

of straightInconelpipehavingan insidediameterof ~ inches.Flow

straightenersintheformoftwoperforatedplateswerelocatedupstream
ofthetestsectionasshowninfigure1. Tworelativelyflatair-
velocityprofilesresultingfromtheuseoftheplatesaresho~min

figure2. Thesamylingstationwaslocated~feet downstreamofthe “

secondplateandthefuelnozzlepositionswere7,12,and18 inches
upstreamofthesamplingstation.Theairthenflowedthroughthe
expansionbellowsto thedownstreamcontrolvalvesandintothealtitude-
exhaustsystem.

Fuelandfuelsystem.- Thefuel.usedthroughotitheinvestigation
wasilP-5.TableI showsananalysisofthisfuel. Thefuelwasdeliv-
eredtotheinjectorbypressurizednitrogen.

Thefuelinjectorisshowninfigure3. Initiallya single0.041-
inch-orificeinjectorsimilarto theoneusedinreference1 wasused,
butthesingleorificeproducedexcessivespreadingoftheJT’-5fuel.
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*

A five-holeinjector,whichhada 0.021-inchdismetercenterorifice
surroundedby fourequallyspacedorificeswith0.018-inchdiameters,
wasthenadopted.Theinjectorwaspositionedonthecenterlineofthe
testsectionandpointeddtiectlyupstream.TheJP-5fuelwasheated
to 212°#o F,beforeenteringtheinjector.Theinjectionpressurewas
26poundspersqyareinchgage.Fortheairvelocitiesused,there-
sultingW-5 fuelspraywasassmnedtobe somewhatcoarserthantheiso-
octanespraywitha meandropsizeof 50-microndiameteras describedin
reference2.

Theairwas
air-flowcontrol

thermocouplesat

measuredby a variableorificelocatedupstreamofthe
valves.Theairtemperaturewasmeasuredwithunshielded

theorificeandata distanceof~feet upstreamofthe

samplingstation.Wallstatic-pressuretapswerep~sitionedatthe
thermocouplestationsandatthesamplingstation.

TheJP-5fuel-flowratewasdeterminedwitha rotameter.Measure-
mentsofthefueltemperatureandpressureweretakenatthefuelin-
jector.Thepreheaterfuelflowwasalsomeasuredby a rot,~eter.

SamplingSystem

A schematicdi~.amofthesamplingsystemisshowninfigure4.
Samplesofthespraywerecontinuouslywithdrawnfromthetestsection
witha singleprobe.Thefuel-airsampleflowedverticallydownward
intothegas-samplecofiustor.

Probe.- Theprobewasconstructedof3/16-inchoutside-diameter
Inconeltubingwitha 0.032-inchwall. The2-inchsectionoftheprobe,
whichpointeddirectlyintotheairstream,wastaperedtotheprobe
mouthasshowninf@ure 4.

Analyzingsection.- Thesamplepassedfromtheprobeintoa com-
bustor.An oxygen-hydrogenpilotflsme(witha continuoussparkatthe
sparkelectrodesinthecodoustor)wasusedto ensurecompletecombustion
ofthecollectedfuel. A satisfactoryflowrate(measuredby critical-
floworifices)forthepilotflsmewas0.07and0.28poundperhourfor
thehydrogenandoxygen,respectively.Ingeneral,theanalyzerread-
ings

tor.

were-notaffectedby thepilotflsme.

Whennecessary,diluentairwasaddedto thesampleatthecotius-
Thediluent-air-flowratewasmeteredwitha critical-floworifice.

Theflowrateofthegassamplewasmeasuredwitha rotameterafter
thesamplehadbeencooledto about85°F andthewatercondensatere-
moved.Thetemperatureandstaticpressureofthesampleweredetermined

———..—. ——...— - —-.—.-. .—– —-——-.- ————- ————-



NACARME55K024

attherotameter
controlvalveto
chargedfromthe

.

inlet . likomtherotameter,thesamplepassedthrougha
a two-cylinderdiaphragmpump. Thesamplewasthendis-
PW to anNACAmixtweanalyzer(ref.3),whichdried

thesampleandindicatedthequantityof carbondioxidepresentinthe
ample. A continuousanalysisofthesamplewasobtained,andthefuel-
airratioofthesamplewasindicatedona self-balancingpotentiometer.

ThezerosettingoftheNACAmixtureanalyzerwascheckedbefore
andaftereachrun. Theanalyzercalibrationwasalsocheckedperiodi-
callywitha standard-gassample.A gagepressureofatleast2 inches
ofmercurywasmaintainedattheanalyzerinlet.Forrunsinwhichthe
airpreheaterwasused,thefuel-airratiothatresultedfromtheconims-
tionproductsoftheJP-4fuelwasdeterminedbeforetheJP-5fuelflow
wasstarted.Thiss- fuel-air-ratiovaluewassubtractedfromeach
ofthemeasuredtotalfuel-ahratios.

Em-Qlingmethods.- Continuoussampleswerewithdrawnat,above,
andbelowstreamvelocity.Whenssmpl.ingsomewhatbelowstresmvelocity,
someoftheinterceptedflowisforcedto spiIlaroundtheprobe.Most
ofthedroplets,however,entertheprobebecausetheirmomentumis
greaterthanthatofthefuelvaporandairmixture;thisisknownas
thespi~overmethodofdeterminingtheliqtidfuel-airratioatthe
Smplingpoint.Theratiooftheweightofdropletscollectedtothe
weightthatwouldbe co~ectedifno dropletsweredeflectedaroundthe
probeisdefinedasthecollectionefficiencyofthespi~overmethod.
Thismethodisdescribedat somelengthinreferences1 and4.

Semplingsli~tlyabovestream
interceptedairandfuelvapor,but
enteringtheprobebecauseoftheir

Methodsof

Themethodof analysisusedin
whenappliedtotheJP-5fueldata.

velocityresultsinan increasein
littleorno increaseindroplets
greatermomentum.

Analysis

reference1 gaveinconsistentresults
Thisinconsistencyisattribtied

to theassumptionof a constantfuel-dropletcollectionefficiencyof
90percent.Forthisreport,a newmethodofanalysis(basedonequa-
tionsshownintheappendix)wasused.Fuelevaporationwascomputed
onthebasisof a probecollectionefficiencyof100percent.A typical
dataplotisshowninfigure5(a). Inthecaseofexcessivedatascat-
ter (fig.5(b)),or insufficientdata(fig.5(c)),thetestwasrepeated.
Initially,verticaltraverseswereobtainedbysamplingatpointsacross
thesprayarea.Figure6 showsa relativelysymetricfuel-distribution
profileobtainedbythismethodof sampling.Pointsontheprofiles
wereobtainedfromdatasimilartothoseoffigure5(a)andthenew
method”ofanal~is.

— ——
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Integratedvaluesof Wf and WZ,foruseincomputingthepercent-
ageoffuelevaporated,werefoundby graphicalintegrationofplotsof
thepointsonthetraverseagainstthesquareoftheirrespectivedis-
tancesfromthesprayaxis.Theintegratedvalueofpercentageoffuel
evaporated(fig.6) is75.6.Valuesofthepercentageevaporatedat
severalsinglepointssreshownonthefigureforcomparison.Thesedata
showthattheintegratedvalue(75.6percent)agreesfairlywellwith
singlepointvaluesobtainednearthecenterlineoftheduct.

Dataforthreetestconditionssreincludedinthefollowingtable
to showthecomparisonbetweenintegratedandsingle-pointpercentage—
valuesofJP-5fuelevaporated:

—

RunAir Air Air Air Probe

r

Percentevaporated
flow,pres- velo-temper-distance
lb/seesure,city, ature,fromin-At singleAt several

Pa, Ua, Ta, jector,probe probe

in.Hg ft/~ec OF
position,positions,

L, 1/2in.
abs in. below $ in.

spray traverse;
axis integrated

values

A 3.76 29.3 141 86 12 19 16.5
B 3.82 29.6 138 80 7 18 17.0
c 2.74 27.5 212 615 12 72 75.6

Goodagreementwasfoundbetweentheqwntityoffuelevaporatedat
a singlepoint1/2inchbelowthesprayaxisandvaluesobtainedby trav-
ersingtheentirespray.Inasmuchasthisfuel-spraystudydeQs only
withthepercentageoffuelsprayevaporatedanddoesnotincludefuel-
sprayspreading,measurementsweremadeata singlepoint1/2inchbelow
thesprayaxisduringtheremainderofthisinvestigation.Thesedata
areincludedintableII.

ExperimentalProcedure

At a singleair-flowsettingandfuel-injectionrate,fuelsampling
datawereobtainedoverthefollowingrangeofvariables:

Inlet-airtemperatures,%l?... . . . . . . . . . . . . . . ..80t0700
Inlet-airvelocities,ft/sec. . . . . . . . . . . . . . . . 138to 370
Inlet-airstaticpressures,in.Hg abs. . . . . . . . . . . . 15to 35
Axialdistancesfromfuelin~ector,in. . . . . . . . . . . . 7, I-2,18
Fuel-injectionpressuredrop,lb/sqin. . . . . . . . . . . . . . . 26
Fueltemperature,OF.. . . . . . . . . . . . . . . . . . . . . 212~

.——
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RESULTSANDDISCUSSION
.

ThemassfractionE offuelsprayevaporatedwasinvestigatedfor
thefolJmwingair-streamandfuel-sprayparameters:

(1)

where L isthedistancedownstreamfromtheinjector;Pa,Ta,and Ua
areair-streamprecxmre,temperature,andvelocityrelativetotheduct,
respectively;~ isthewet-bulbtemperatureofthefueldrop;and Uf
theinjectionvelocityofthefuelrelativetotheductandatthein-
jectore~t.

In orderto determinethegeneraleffectof L,Tajand Ua on E,
a plotof E againstL wasmade(fig.7)for&Wferentairtempera-
turesandvelocities.Air-stresmstaticpressureandfuel-injection
pressurewereheldconstant.Figure7(b)showsa crossplotoffigure
7(a)inwhich E isplottedagainstTa to showthegeneraleffectof
airtemperature.Evaporationdatawerealsoobtainedfora static-
presswerangeof15to 35 inchesofmercuryabsolute-asshowninfigure
7(c).Thesefigwesshowthattheinfluenceofairpressureissti.
Thisresultisconsistentwiththeobservedeffectofairpressureon
thewet-bulbtemperaturereportedinreferences2 and5.

Investigationsof vaporizationratesforsingledroplets(ref.5)
andisooctanedropletsin sprays(ref.2)haveshownevaporationtobe
a functionoftheheat-transferdrivingforce AI! (thedifferencebe-
tweentheairtemperatureandthesurfaceorwet-bulbtemperatureof
thedroplets).Thus,M theeffectof airtemperatureandairstatic
pressureonevaporationarecombinedasa functionofthetemperature
differenceM’,eqyation(1)becomes

E = f(L,AT,Ua,Uf) (2)

Valuesof AT forJP-5fuelwereobtainedfromtheplotshownin
figure8,whichisbasedonthecorrelationofpsychometricdatawith
boilingpointsgiveninreference5. The50-percentboilingpointof
JP-5fuel(429°F) wasusedinthisinvestigation.Fromplotsof log E
against
L and
inthis

In
second;

log L &d log AT,respectively,E couldbe correlatedwith
AT as showninfigure9. Theequationforthestraightline
plotmaybemitten

N = 6.3AI’0028L0”33where N= 100E. (3)

figure9,theairvelocitywasvariedfrom216to 370feetper
theeffectof Ua on E appearedsmallandno definitetrend

“

— - ——
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wasevident.Similarplotswere
goodagreementwasobtainedwith
velocityrange.

Themostobviousreasonfor

madefor.isooctanedata(ref.1)and
theseexponentsoverthesameair-

theslightvelocityeffectisthatal-
thoughtheincreaseinstreamvelocityreducesthetimeforevaporation,
theincreasedstreamvelocityalsoimprovesfuelatomization.Thus,an
attemptto generalizeandincludetheatomizationeffectwastreatedas
follows: Whenfuelisinjectedcontrastream,theliquid-jetvelocity
Uf isnegativeandthevelocitiesareadditive;thereforeforthiscase,

Theeffectoffuel-injectionpressureonthemassfractionevaporatedE
isincludedasa functionoffuelinjectionvelocityUf intheterm
(u~+Uf).

A plotoflog E againstlog Ua forisooctanedataobtainedfrom
reference1 gavea goup of cwvesforvariousfuel-injectionpressures.
A singlecurvewasobtainedby plottinglog E againstlog (Ua+ Uf),
whichalsoappearedrelativelyflatat a valueof250feetpersecond
for Ua. Becausethecurveqpearedhyperbolic,a plotof l/@
againstl/(Ua+ Uf) wasmade.I?Yomtheslopeofthisplot,itwas
foundthattheevaporationdatacouldbe correlatedwiththegroup
(Ua+ Uf)/(100+ Ua) where Ua and Uf areexpressedinfeetpersec-
ond. Thisgoup showstheeffectof airvelocityonthepercentageevap-
oratedtobe negligibleathighvelocities,possiblyasa resultofthe
cancelingeffectof shortresidencetimeandsmallldropsizesonevapora-
tion.

Thus,equation(3)couldbe rewrittenasfollows;

.( E)2
N= C @928 LO.33‘a ‘Uf100+U where N = 10UE

Fromtheplotofthisequationshowninfigure10,valuesofthepropor-
tio~ity constantC werefoundtobe 7.4and10forJP-5fueland
isooctane,respectively.Thelargerconstantobtainedforisooctanein-
dicatedabetteratomizationprobabldueto itslowsurfacetension

8a+Uf
comparedwithJP-5fuel. Theterm 100+Ua isanempiricalgroup,

whichcombinestheover-alleffectsoffuel-dropsize,acceleration,
residencetime,andReynoldsnumberonthepercentageofJI?-5fuelevap-
orated.Forairvelocities,injectionpressuredrops,andinjectors
considerablydifferentfromthoseofthisinvestigationorthosereported
inreference1,theforegoingvelocitygroupingmaynotdescribethe
over-allprocesseseffectively.

.—. —.—.—— -— .—— ___ . . . ——— —.-. -.———— -—
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.

CONCLUSIONS

Theeffectofair-streamandfuel-sprayparametersontheevapora-
tionofa JP-5fuelspraywerefoundtobe describedsatisfactorilyby
theexpression

N= 7.4L0”33~0.28
e:$J2

05
where N isthepercentageofJP-5fuelevaporated,L isthedistance m
downstreamfromtheinjector(in.),L@ isthedifferencebetweenairand
wet-bulbtemperature(OF),Ua isairvelocity(ft/see),and Uf isthe
fuel-injectionvelocity&t/see). ‘

ForilP-5fuel,thisexpressionisapplicablefordownstreamdis-
tancesof7 to 18 inches,temperature&Lfferencesof3°to 385°F, air-
stresmvelocitiesof 3.38to 370feetpersecond,air-streampressuresof
15to 35 inchesofmrcuryabsolute,a constantin~ectionpressureof
26Toundspersquareinch,anda multiple-orificefixed-areafuelinjector.

IewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,November3, 1955

.

—- ——
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APl?Emn- CAICUIA310NCl?

Thefuel-air-ratiomeasrmements

FUEL-SPRAYEVAPORATION-

indicatedby theconductivity-type
mixtureanalyzerincludedtheconcentrationofvap’orfuelwhichw& c-~-
turedalongwiththeliquid-fueldroplets.Thefollowinganalysiswas
usedto calculatethefuel-sprayevaporationfromtheexperimental.meas-
urements.Thes@ols usedinthisanalysiswere

totalfuel-airratioofsampleinTrobe

sprayeva~oration,percent

calculatedweightflowofairinterceptedbyprobe,lb/hr

weightflowof
S@

weightflowof

weightflowof

weightflowof

ah capturedbyprobe,(WA= Wa at zerosp~over)

fuelcapturedbyprobe,lb/hr

liqyidfuelcapturedby probe,lb/hr

vaporfuelcapturedby probe,Ib/hr

Thetotalfuel-atiratiointhesamplingprobemaybe expressedas

or intifferentialformas

w~ Wv
df+=d W+dw

a a

Whenthesamplingvelocityisatair-streamvelocityor
orbelow,theweight-flowratiooffuelvaporto airis

slightlyabove
approximately

constant,anditsd5fferentislisthereforezero.Also,inasmuchas
thecollectionefficiency(at100percent) isapproximatelyconstantfor
theforegoingconditions,WZ iS-O constant~ sothat

()1%=wzd%‘0
and

. . . . . . .—.——.—.——— —--—.- ——--— -———---- –——— —-.—— —..———
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Forlargedeviationsinsamplingvelocityfromtheair-streamvelocity,
where W& isconsiderablygreaterorlessthan Wa,valuesof f+ are
diminishedbecauseofa correspondingdecreaseintheliquid-airratio
ofthesample.Thus,a plottingof ft againstl/W~ givesa curve
thatisrelativelyflatat l/W&= l/Wa(fig.5). Thestraightline
inthisportionofthecurvehasa slopeequalto Wz,sincea collec-
tionefficiencyof100percentisobtainedatair-streamvelocity.
Thetotalweightoffuelcapturedby theprobe We isobtainedfrom
theexpression

Wr =

where f+ istakenfromthepoint
percentageof sprayev~orationN

N = 100

J.

f{Wa

onthecurvewhere ljw~. l/Wa.The
iscalculatedfrom

\ ~/
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TABLE1. -FUELANALYSIS

II

Fuelproperty MIL-F-5624C,
~ade JP-5

A.S.T.M.distillationD86-46,%
Initialboilingpoint 360
Percentageevaporated

5 373
10 382
20 399
30 409
40 419
50 429
60 439
70 449
80 459
90 473
95 481

Finalboilingpoint 502
Residue,percent 1.0
Loss,percent 1.0

Hydrogen-carbonratio 0.160
Heatof combustion,Btu/lb 18,600
Gravity,60°/600F
Specific 0.815
A.P.I. 42.2

Freezingpoint,OF -48
Aromatics,percentby volume
Silicagel 13.7
A.S.T.M. 14.3

Acceleratedgum,mg/100ml 5.0
Anilinepoint,OF 148.6
Air-jetgum,mg/100ml 1.0

_—._ ....-_ -— -—- -—— . ..—. —
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TABLEII.-FUEL-SPRAYEVAPORATIONATVARIOUS

~s ~ p~sms

[One-pointfuel-spraysampling;testduct
cross-sectionalarea,0.382sqf%;fuel
flow,93 Ibpr.1

(a)At varioustemperatures.Airpres-
sure,25inchesofmercuryabsolute

)istanceAir
~rom velocity
injector,ft~sec

L,
in.

7

12

18

Sprayevaporation,percent,at
airtemperature,Ta,of

300°F 500°F 700°F

Run Run

K
L
M
N

K
L
M
N

216 .66
270 65
324 60
370 63

216 78
270 78
324 81
370 80

216 K 51 F 71 J 79
270 L 47 E 70 G ,84
324
370 1:1:1:1%1: ;:

31
32
36
33

42
43
45
43

F
E
D
c

F
E
D
c

61
58
62
56

65
64
67
65

J
G
H
I

J
G
H
I

(b)At variouspressures.A3rtemperature,
5000F

DistanceAir Sprayevaporation,percent,at am pres-

from velocity,sureof
injector,ft~sec

L, 15 in.Hg ahs25in.Hg abs35 in.Hg abs

in. Run

7 270 s 60 E 58 T 56
324 R 62 D 62 u 56

12 270 s 67 E 64 T 66
324 R 68 D 67 u 64

.

.

_—-
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Figure6. - Typicaltotal-andliquid-fueldistributionforcontrastreem
tijectionofJP-5fuelfrommultiple-orificefuelinJector.Fuelevapo-
rated,75.6percent;air-flowrate,2.74poundspersecond;- tempera-
ture,6150 F. ~ ~elocityj2M feetper Sf?cotij8taticPressme>27”5
tithes ofme~curyabsolute;over-allfuel-airratio(Integrated),0.0147;
distancefromfuelinjector,12inches.
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Figure8.-Psychometricplotofheat-transferdrlvlngpotential
basedonboiling-pointcorrelationwithpsychometricdata(ref.5).
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Figure9. - RelationbetweenJP-3fuelevaporated,distanceckmnatreemof injector,
andheat-trantierdrivingpotentiel;numerelsehom atdatapointsticate air
velocity.
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Figure 10. - Relation between percentage of JP-5 fuel and Ispoctane evayrated
and dlstauce downstream of injector,heat-transferdrlvlng potential, air !
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